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Animal morphogenesis requires folds or clefts to separate populations of cells which are often associated
with different cell afﬁnities. In the Drosophila wing imaginal disc, the regional expression of the Iroquois
complex (Iro-C) in the notum leads to the formation of the hinge/notum (H/N) fold that separates the
wing hinge and notum territories. Although Decapentaplegic (Dpp) signaling has been revealed as es-
sential for the hinge/notum subdivision through the restriction of Iro-C toward the notum region, the
mechanism by which the H/N border develops into a fold is unknown. Here, we report that a Dpp target
gene, optomotor-blind (omb), mediates the role of Dpp signaling in Iro-C inhibition. omb is com-
plementarily expressed on the dorsal hinge side, abutting the Iro-C domain along the H/N border. Ectopic
omb expression inhibits Iro-C in the notum territory, independent of known Iro-C regulators Msh and
Stat92E. Uniform manipulation of either omb or Iro-C genes spanning the presumptive H/N border sig-
niﬁcantly suppresses H/N fold formation via inhibition of the apical microtubule enrichment. Ectopically
sharp border or discontinuity in level of Iro-C or Omb is enough to generate ectopic fold formation. These
results reveal that omb and Iro-C not only are complementarily expressed but also cooperate to promote
H/N fold formation. Our data help to understand how Dpp signaling is interpreted region-speciﬁcally
during tissue subdivision.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The subdivision of the animal body into distinct tissues by
tissue boundaries, which physically segregates different cell po-
pulations, is a fundamental process of normal development. Most
tissue boundaries develop into morphologically apparent folds or
clefts during development, such as embryonic parasegmental
grooves in Drosophila and vertebrate compartment boundaries
within hindbrain rhombomeres (Dahmann et al., 2011; Fagotto,
2014; Tepass et al., 2002). The development of the Drosophila wing
disc is a promising model with which to study the regulatory
mechanism of fold formation (Sui et al., 2012). The cells are
grouped into several distinct populations by folds during the 3rd
instar larval stage along the proximal/distal (P/D) axis (Klein,
2001). These folds separate the wing disc into three domains: the
notum, which will develop into part of the adult dorsal body wall,
the hinge, which will form the connection between the body wallInc. This is an open access article u
College of Plant Protection,and adult wing, and the blade, which will develop into the adult
wing (Klein, 2001). These folds are called the hinge/notum (H/N)
fold, the internal hinge/hinge (H/H) fold and the blade/hinge (B/H)
fold (Sui et al., 2012).
The most characterized fold formation in the wing disc are the
B/H and H/N fold. B/H fold is regulated by the T-box transcription
factor Dorsocross (Doc), which promotes B/H fold extension by
changing cell shape through a reorganization of the microtubule
web and by regulating the abundance of transmembrane receptor
integrins and extracellular matrix components (Sui et al., 2012).
The formation of the H/N border is attributed to the regional ex-
pression of the homeodomain proteins Iroquois complex (Iro-C),
which are notum-specifying proteins (Cavodeassi et al., 2001; Diez
del Corral et al., 1999; Gomez-Skarmeta et al., 1996; Kehl et al.,
1998), in the wing disc notum region. The cell afﬁnity directed by
the Iro-C leads to the apical shortening and invagination of border
cells and maintains the relatively straight and sharp dorsal border
that separates the notum and hinge territories (Diez del Corral
et al., 1999; Villa-Cuesta et al., 2007; Zecca and Struhl, 2002b).
Iro-C is activated by Epidermal Growth Factor Receptor (EGFR)
signaling (Wang et al., 2000; Zecca and Struhl, 2002a) and is laternder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Wingless (Wg) and Decapentaplegic (Dpp) signaling (Cavodeassi
et al., 2002; Letizia et al., 2007; Wang et al., 2000). In the distal
part of the wing disc, Wg signaling restricts the expression of the
EGFR ligand Vein (Vn) to the proximal region of the disc and
thereby antagonizes the activity of EGFR signaling (Wang et al.,
2000). EGFR signaling, by means of apterous (ap), activates muscle
segment homeobox (msh) in the presumptive dorsal hinge territory
abutting the Iro-C domain. Mutual repression between msh and
Iro-C is essential to deﬁne and maintain the H/N border (Villa-
Cuesta and Modolell, 2005). In addition, the STAT family tran-
scription factor Stat92E, which is activated by Wg signaling, re-
presses Iro-C through msh-dependent and -independent me-
chanisms (Ayala-Camargo et al., 2013; Hatini et al., 2013). More-
over, JAK/STAT pathway ligand Unpaired (Upd) is required for H/N
fold formation (Johnstone et al., 2013). Dpp antagonizes EGFR to
conﬁne Iro-C expression in both distal and medial regions of the
notum. Dpp signaling, which is mainly active in the distal terri-
tories in the 2nd instar wing disc, represses Iro-C and sets the distal
border of the Iro-C domain (Cavodeassi et al., 2002; Letizia et al.,
2007). In the third instar, pannier (pnr), most likely through the
formation of Pnr/U-shaped (Ush) heterodimers, mediates Dpp
signaling and negatively regulates EGFR signaling in the medial
region of the notum (Calleja et al., 2000; Letizia et al., 2007). tailup,
a probable upstream activator of Pnr/Ush, is also activated by Dpp
to repress Iro-C expression (de Navascues and Modolell, 2007).
Thus, multiple regulatory pathways coordinate to conﬁne Iro-C
expression to the lateral region of the notum, but how the border
between the notum and hinge territories is positioned and de-
velops into a fold remains unclear.
The T-box transcription factor, optomotor-blind (omb) is one of
the downstream targets of Dpp signaling (Grimm and Pﬂugfelder,
1996; Sivasankaran et al., 2000), which in combination with Wg
signaling controls cell proliferation and wing patterning (Akiyama
and Gibson, 2015; del Alamo Rodriguez et al., 2004; Grimm and
Pﬂugfelder, 1996; Zhang et al., 2013). The gradient morphogen Dpp
negatively controls the spatial extent of its target brinker, which in
turn represses omb transcription (Sivasankaran et al., 2000), re-
sulting in the graded expression pattern of omb in the pouch and
dorsal hinge regions (Cook et al., 2004; del Alamo Rodriguez et al.,
2004; Shen and Dahmann, 2005; Shen et al., 2010). Graded Omb
activity along the anterior/posterior (A/P) axis is necessary for
ensuring normal cell morphogenesis, likely via specifying cell af-
ﬁnity (Shen et al., 2008, 2010; Umemori et al., 2007). In addition,
Omb and its vertebrate orthologous TBX2/3 can promote cell in-
vasion and migration by repressing E-Cadherin (Boyd et al., 2013;
Peres et al., 2010; Rodriguez et al., 2008; Shen et al., 2014; Wang
et al., 2012).
Here, we reexamined the omb expression pattern and found
that its domain is exactly complementary to those of Iro-C genes
along the H/N fold. In fact, omb unidirectionally inhibits Iro-C ex-
pression to mediate Dpp's function on the hinge side. This com-
plementary expression pattern is essential for correct H/N fold
formation and coincides with a basal redistribution of the apical
microtubule web. We propose that the complementary expression
of omb and Iro-C establishes the H/N fold through specifying cell
afﬁnity and by providing the necessary positional information for
fold formation.2. Materials and methods
2.1. Fly stocks
Larvae were raised at 25 °C unless stated otherwise. Larvae
containing tubP-Gal80ts;ap-Gal44UAS-GFP combinations wereraised at 18 °C and then shifted to 29 °C for UAS transgene ex-
pression before dissection.
The mutants and transgenes used were as follows: l(1)ombD4 is
the omb loss-of-function mutant (Poeck et al., 1993); deﬁciency
iroDFM3 deletes both ara and caup (Gomez-Skarmeta et al., 1996);
the lacZ reporters used were mirr-lacZ (McNeill et al., 1997), ara-
lacZ (irorF209) (Gomez-Skarmeta et al., 1996), tsh-Z:tsh1 (Fasano
et al., 1991) and hth-lacZ:hthP6 (Rieckhof et al., 1997); the trans-
genes used were UAS-ombRNAi (Shen et al., 2008), UAS-mirrRNAi
(#50133) and UAS-araRNAi (#49079) (from the Vienna Drosophila
RNAi Center), UAS-omb (Grimm and Pﬂugfelder, 1996), UAS-EGFRCA
(#9534), UAS-EGFRDN (#5364), and UAS-GFP.nls (#4775) (from the
Bloomington Stock Center), UAS-mirr (McNeill et al., 1997) and
UAS-ara (Gomez-Skarmeta et al., 1996), and UAS-dad (Tsuneizumi
et al., 1997). For overexpression and mosaic analysis, ap-Gal4
(Calleja et al., 1996), dpp-Gal4 (Shen and Mardon, 1997), c765-Gal4
(Nellen et al., 1996), ﬂip-out AyGal4 (Pignoni and Zipursky, 1997)
drivers, the hsFLP recombinase and the FRT80 chromosome were
used. Additionally, the tubP-Gal80ts (McGuire et al., 2003) tem-
perature-sensitive system was used in combination with ap-Gal4
to temporally control UAS transgene expression. 10xSTAT-GFP
(Bach et al., 2007) was used to provide a readout of Stat92E ac-
tivity in the hinge region.
2.2. Immunohistochemistry
Dissected third instar wing discs were ﬁxed in 4% for-
maldehyde and washed in PBT before immunostaining. The pri-
mary antibodies used were mouse anti-β-galactosidase (1:2000,
Promega Z3783), rabbit anti-Omb (1:1000, gift from Dr. Gert O.
Pﬂugfelder), mouse anti-EGFR (1:100, Abcam ab49966), rabbit
anti-di-Phosphorylated Erk 1/2 (dP-Erk) (1:100, Cell Signaling
#9101), rabbit anti-Msh (1:400, gift from Dr. Chris Q. Doe), mouse
anti-α-tubulin (1:2000, Sigma T6074), and mouse anti-β-Integrin
(1:200, the Developmental Studies Hybridoma Bank CF.6G11). The
secondary antibodies used were anti-mouse DyLight 488/549 and
goat anti-rabbit DyLight 488/549 (1:200, Agrisera). F-actin was
visualized with Rhodamine-phalloidin (1:200, Cytoskeleton Cat. #
PHDR1). Nuclei were stained with DAPI (1:500, Sigma D8417-
1MG). Images were obtained using an Olympus FV10-ASW laser
scanning confocal microscope and processed with Adobe Photo-
shop 8.0.
2.3. Clone generation and transgene expression
Mutant clones of iroDFM3 were generated using the Flp-FRT
system (Xu and Rubin, 1993). Transgenes were expressed using the
Gal4-UAS system (Brand and Perrimon, 1993). For AyGal4 UAS
transgene clones, 1st instar larvae were subjected to 35.5 °C for
30 min, and then raised at 25 °C for 3–4 days before dissection.
2.4. Cryosectioning
Wing disc sectioning was performed as previously described
(Sui et al., 2012). After secondary antibody staining, discs were
reﬁxed in 4% formaldehyde, washed in PBT and stored in 30% su-
crose solution at 4 °C overnight. Discs were oriented in Tissue-Tek
(Sakura Finetek), frozen and cut into 20-μm sections on a cryostat
(YD-1900, YIDI, China).3. Results
3.1. Complementary expression of omb and Iro-C at the H/N fold
Drosophila Iro-C genes include mirror (mirr), araucan (ara) and
Fig. 1. Complementary expression pattern of omb and Iro-C at the H/N fold. In all panels, x-y views are oriented with proximal up and anterior left, whereas longitudinal
sections (x-z views) along the P/D axis are oriented with dorsal up and apical left, except where indicated. Arrows indicate the H/N fold in 3rd instar wing discs. (A) The
expression domains of omb and mirr are well separated along the H/N fold. (B) Longitudinal section of the wing disc in A. (C) The expression domains of omb and ara are well
separated along the H/N fold. (D) Longitudinal section of the wing disc in B. (E) The expression domains of omb and EGFR overlap in the dorsal hinge and pouch regions.
(F) The longitudinal sections of the wing disc in E. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)
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ara and caup are spatially identical and they have been thought of
as functional redundancy, whereas mirr expression is spatially
divergent (Cavodeassi et al., 2001; Gomez-Skarmeta et al., 1996;
Kehl et al., 1998; McNeill et al., 1997). Hence, we compared the
omb expression pattern with that of mirr and ara. The expression
pattern of omb was restricted to the pouch and the dorsal andventral hinge regions (Fig. 1, red panels) (del Alamo Rodriguez
et al., 2004; Shen et al., 2010; Shen et al., 2008). The mirr-lacZ
expression was generally restricted to the notum and posterior
hinge (Fig. 1A″) (Kehl et al., 1998), whereas ara-lacZ was mainly
expressed in the notum and lateral hinge as well as much weaker
stripes in the pouch and dorsal hinge (Fig. 1C″) (Diez del Corral
et al., 1999; Gomez-Skarmeta et al., 1996). Along the H/N border,
D. Wang et al. / Developmental Biology 416 (2016) 225–234228the omb domain was adjacent to the lacZ reporter domains of mirr
and ara. To better reveal their positional relationship at the H/N
border, cross sectioning was performed along the P/D axis. Both
the omb andmirr/ara domains exactly abutted the H/N fold (Fig. 1B
and D). These data demonstrate that omb and mirr/ara are com-
plementarily expressed along the H/N fold.
As Iro-C is known to be activated by EGFR signaling, we also
double labeled omb and EGFR. EGFR protein, detected by EGFR
antibody, was ubiquitously expressed in the wing disc, but down-
regulated in the D/V and A/P compartment boundary in the pouch
region in late 3rd instar wing discs (Fig. 1E″) (Guichard et al., 1999;
Molnar et al., 2011). Unlike the well separated expression domains
of omb and Iro-C along the H/N border, the expression domains of
omb and EGFR showed overlap in the hinge and pouch regions
(Fig. 1E and F).
3.2. omb restricts the Iro-C expression domain
Given that omb and Iro-C are complementary along the H/NFig. 2. omb restricts the Iro-C expression domain. Ectopicmirr transcription (arrows) was
ectopic ara transcription was activated beyond the endogenous ara stripe (arrows) in
presumptive H/N fold in A and C. Expressing omb in the dpp-Gal4 domain (E and G) and
references to color in this ﬁgure, the reader is referred to the web version of this articlborder, there might be a mutual repression between them. Thus,
we directly manipulated the Omb level and monitored Iro-C ex-
pression using mirr-lacZ and ara-lacZ reporters. In ombD4 null
mutants, mirr-lacZ was strongly activated only in medial wing
region (Fig. 2A). Then we generated ombRNAi clones and found
that mirr-lacZ were obviously increased in the medial pouch
(Fig. 2B white arrows) and less elevated in the lateral clones
(Fig. 2B yellow arrows). While ara-lacZ was not ectopically ele-
vated beyond the endogenous stripe (Fig. 2C and D). When omb
was overexpressed in the dpp-Gal4 domain, mirr-lacZ was in-
hibited in dpp regions in the notum territory (Fig. 2E). A similar
effect on ara-lacZ expression was also observed (Fig. 2G). However,
in the pouch and dorsal hinge regions, where exist weak en-
dogenous expression of ara (Fig. 1C″), ectopic omb could not efﬁ-
ciently inhibit (Sup. Fig. S1). To verify whether the inhibition was
cell autonomous, clones expressing omb were generated in the
notum region (Fig. 2F and H). Both mirr and ara were consistently
suppressed in the clones. Thus, ectopic omb represses Iro-C ex-
pression in the notum region.activated only in the medial pouch in ombmutant (A) and omb-RNAi clones (B). No
omb mutant (C) and omb-RNAi clones (D). The white dotted lines indicate the
in clones (F and H) suppress mirr and ara transcription. (For interpretation of the
e.)
Fig. 3. omb mediates the role of Dpp signaling in repressing Iro-C expression. (A) ara-lacZ is inhibited in tkvQD clones. (B) ara-lacZ is restored by co-expressing ombRNAi in
tkvQD clones. (C) mirr-lacZ is ectopically expressed in medial dad clones. (D) Ectopic mirr-lacZ is rescued in clones co-expressing dad and omb in the medial wing pouch.
Arrows indicate the corresponding clone positions.
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EGFR signaling, we monitored the levels of dP-Erk to show the
activity of EFGR pathway. The levels of dP-Erk are not changed
under omb manipulations (Sup. Fig. S2). Conversely, neither gain-
nor loss-of-function of EGFR/Iro-C genes affected omb expression
under various conditions (Sup. Fig. S3), indicating that the inter-
action between omb and Iro-C is unidirectional.
Since omb is a target gene of Dpp signaling to control cell
proliferation and wing patterning (Akiyama and Gibson, 2015; del
Alamo Rodriguez et al., 2004; Grimm and Pﬂugfelder, 1996; Zhang
et al., 2013) and Dpp signaling represses Iro-C to the lateral notum
in the 2nd instar wing discs (Cavodeassi et al., 2002), we further
tested whether Omb could rescue Dpp signaling repressed Iro-C
expression. Expressing tkvQD, a constitutively active form of Dpp
receptor Thick veins (Tkv), repressed ara in the notum in the 3rd
instar wing discs (Fig. 3A). Co-expression of ombRNAi with tkvQD
restored the repression of ara (Fig. 3B). Consistently, expressing
Daughter against dpp (Dad), an inhibitor to Dpp signal transduction
(Tsuneizumi et al., 1997), activated mirr in the medial pouch
(Fig. 3C). Co-expression of omb with dad rescued the ectopic mirr
expression induced by loss of Dpp signaling (Fig. 3D). These data
suggest that ombmediates the suppression role of Dpp signaling in
restricting Iro-C expression.
3.3. Omb does not regulate the hinge effectors
Dorsal hinge growth regulators such as Msh-Stat92E pathway
repress Iro-C expression (Ayala-Camargo et al., 2013; Hatini et al.,
2013; Villa-Cuesta and Modolell, 2005). To further understand the
regulatory pathway, we tested whether omb restricting the Iro-C
domain is via the up-regulation of these dorsal hinge effectors.
Since Msh and Iro-C antagonize each other, we ﬁrst examined
whether omb functions through msh. Msh is highly expressed in
the dorsal hinge region abutting to the Ara/Cuap domain and weak
expressed in the notum region in 3rd instar discs (Fig. 4A) (Villa-
Cuesta and Modolell, 2005). However, Msh level was not appar-
ently changed in ombD4 mutants (Fig. 4B). When omb wasexpressed in the dpp-Gal4 domain, Msh level was not up-regulated
but slightly reduced within the Gal4 domain (Fig. 4C). These data
suggest that Omb restricted Iro-C expression is not directly
achieved by Msh mediation. Then we monitored Stat92E activity
by 10Xstat-GFP (Bach et al., 2007). Normally it was expressed in
the dorsal hinge region, with the highest level in the distal pouch
and proximal notum (Fig. 4D) (Ayala-Camargo et al., 2013; Bach
et al., 2007; Hatini et al., 2013). 10Xstat-GFP level was not appar-
ently changed in ombD4 mutants (Fig. 4E). When omb was ex-
pressed in the dpp-Gal4 domain, 10Xstat-GFP level was slightly
reduced within the Gal4 domain (Fig. 4F). Since Stat92E is acti-
vated by hinge fate speciﬁc genes homothorax (hth) and teashirt
(tsh) (Ayala-Camargo et al., 2013), we also examined hth and tsh
expression. Consistently, the transcription levels of both genes
were not altered in omb-overexpressing and null mutants (Fig. 4G–
L, arrows). These data suggest that these dorsal hinge effectors do
not mediate the role of omb in restriction of the Iro-C domain.
3.4. Uniform Omb or Iro-C expression spanning the H/N fold inhibits
fold formation
To examine the necessity of the complementary distribution of
omb and Iro-C for H/N fold formation, we ﬁrst drove uniform ex-
pression of omb spanning the H/N fold. Folds in the wing disc can
be distinguished by apical shortening of cells during the early L3
stage (Sui et al., 2012; Widmann and Dahmann, 2009) when the
cells are outlined by Phalloidin staining (Fig. 5A). Reducing the
Omb level either in the dorsal compartment (ap4ombRNAi) or in
the whole wing disc (c7654ombRNAi) led to a short and shallow
H/N fold (Fig. 5B and C). When Omb was eliminated in ombD4 null
wing discs, side effects of overproliferation in the pouch (del
Alamo Rodriguez et al., 2004; Zhang et al., 2013) and additional
fold formation (Shen et al., 2008) lead to distortion of the wing
discs. We identiﬁed the H/N and H/H folds using stat-GFP as a
hinge marker (Fig. 4D) and found that the H/N fold was prevented
from expanding laterally and deepening (Fig. 5D). Hence, Omb
appears to promote H/N fold progression. The H/N fold was
Fig. 4. omb does not up-regulate the hinge effectors. (A) Msh expression pattern in wild-type control. (B) Msh level is not changed in ombD4 mutants. (C) Msh is not
upregulated but slightly reduced when omb is expressed in the dpp-Gal4 domain. (D) 10Xstat-GFP expression pattern in the control. (E) 10Xstat-GFP is not altered in ombD4
mutants. (F) 10Xstat-GFP is not up-regulated but slightly reduced when omb is expressed in the dpp-Gal4 domain. (G) hth expression pattern in the control. (H) hth
expression pattern is nearly normal in omb mutants. (I) hth is not altered when omb is expressed in the dpp-Gal4 domain. (J) tsh expression pattern in the control. (K) tsh
pattern is nearly normal in omb mutants. (L) tsh is suppressed in the domain where omb is ectopic expressed.
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partment (Fig. 5E). These manipulations affected the H/N fold but
not other folds including the H/H and B/H folds (Fig. 5B–E). These
data suggest that the normal expression pattern of omb at the H/N
border is necessary for H/N fold progression.
Next, we drove uniform expression of Iro-C and EGFR on both
sides of the H/N fold to examine the effect on fold formation.
Reducing Mirr activity in the dorsal compartment inhibited H/N
fold formation (Fig. 5F), consistent with the results of omboverexpression (Fig. 5E). Similarly, expressing ara-RNAi in the
dorsal compartment resulted in a short and shallow H/N fold
(Fig. 5G). Overexpression of either mirr or ara was sufﬁcient to
suppress H/N fold initiation (Fig. 5H and I, arrows). The formation
of H/H fold was also inhibited at these conditions (Fig. 5H and I,
arrowheads), which is likely due to the unifying of hinge cell af-
ﬁnity. Furthermore, inhibiting EGFR pathway by EGFRDN, a domi-
nant negative form of EGFR, resulted in a shallow H/N fold. Up-
regulating EGFR signaling by EGFRCA, a constitutively active form of
Fig. 5. Asymmetric expression of omb or EGFR/Iro-C is required for H/N fold formation. (A) H/N, H/H and B/H folds in the wild-type control revealed by Phalloidin staining.
x-z sections are performed along the P/D axis. The vertical dotted line indicates the location of x-z sections in this and subsequent panels. Horizontal dotted lines from top to
bottom are H/N, H/H and B/H fold, respectively, in all panels except D. (B–D) Reducing omb expression leads to shortened and shallow H/N folds. Note that the presumptive B/
H fold is suppressed except for the case of c7654ombRNAi (C), because that the c765-Gal4 is relatively weaker than ap-Gal4. (E) H/N fold formation is inhibited when omb is
overexpressed on both sides of the fold. (F) H/N fold formation is inhibited when mirr is suppressed in the ap-Gal4 domain. (G) H/N folds are initiated but do not progress
when ara is suppressed on both sides of the H/N fold. (H and I) H/N folds do not formwhenmirr or ara are expressed on both sides of the H/N fold. Note that the presumptive
H/H fold is also suppressed. (J and K) Expression of dominant negative or constitutively active form of EGFR (EGFRDN in J and EGFRCA in K) on both sides of the H/N fold leads
to a short and shallow fold. Dotted lines in A indicate the corresponding H/N, H/H and B/H folds. Arrows and arrowheads indicate the presumptive H/N and H/H fold,
respectively. The right column of each ﬁgure shows the longitudinal section.
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and K). These data demonstrate that the restriction of Iro-C within
the notum region is necessary for H/N fold initiation and
progression.
3.5. Fold formation correlates with changes in the microtubule
cytoskeleton
The epithelial fold is initiated by changes in cell shape that
depend mainly on re-construction of the cytoskeleton and ad-
hesive contacts, and probably also by cell afﬁnity molecules on the
cell membrane (Dahmann et al., 2011; Fagotto, 2014; Sawyer et al.,
2010; Tepass et al., 2002). Doc promotes B/H fold extension by
changing cell shape through a reorganization of the microtubule
web and by destabilization of integrin adhesion (Sui et al., 2012).To determine whether similar cytoskeleton changes are involved
in Omb/Iro-C-regulated H/N fold formation, we monitored the
dynamics of α-tubulin in the H/N fold cells. In x-z views, tubulin
was enriched apically in the columnar cells, but was basally dis-
tributed in the fold cells in wild-type discs (Fig. 6A). When fold
formation was disrupted by either reducing or increasing the Omb
level, tubulin was no longer distributed toward the basal side in
the presumptive H/N fold (Fig. 6B and C). The same failure of tu-
bulin re-distribution was observed in the case of uniform EGFR/
Iro-C expression spanning the H/N fold (Fig. 6D–F). Thus, H/N fold
formation correlated with the basal re-distribution of the micro-
tubule cytoskeleton. In contrast, the stability of integrin is not
involved in H/N fold formation (Sup. Fig. S5). The basal re-dis-
tribution of the microtubule web is the common event shared by
the formation of the H/N and B/H folds.
Fig. 6. H/N fold formation correlates with the basal distribution of the microtubule network. (A) tubulin is enriched at the apical side in columnar cells but is basally
distributed in the fold cells in wild-type discs. (B-F) tubulin is not distributed at the basal side in the presumptive H/N fold cells in the H/N fold-suppressing discs.
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The Iro-C homeodomain proteins (Mirr, Ara and Caup), which
are antagonistically regulated by EGFR and Dpp signaling, are es-
sential for notum identity. Here, we found that the Dpp target
T-box transcription factor Omb restricts the Iro-C domain. Both
omb and Iro-C cooperate to promote the progression of the H/N
fold, which physically separates the notum and hinge territories.
The complementary expression of omb and Iro-C along the H/N
border provides positional information to direct H/N fold
formation.
4.1. Dpp-Omb signaling unidirectionally restricts the Iro-C expres-
sion domain
omb has been shown to be downstream of Dpp signaling in
wing discs (Grimm and Pﬂugfelder, 1996; Sivasankaran et al.,
2000), and this relationship is conﬁrmed in the present study.
During normal wing disc development, omb is expressed in the
pouch and hinge region, where Iro-C is largely repressed (Fig. 1).
This complementary expression pattern is quite similar to that of
Dpp activity and Iro-C expression in early wing discs (Cavodeassi
et al., 2002). Omb mediates the role of Dpp signaling in Iro-C
suppression. Normal Iro-C suppression can be restored by converse
omb manipulation when Dpp signaling activity is either up or
down-regulated (Fig. 3). Unlike msh and Iro-C (Villa-Cuesta and
Modolell, 2005), there is no mutual antagonism between omb and
Iro-C (Fig. 2 and Sup. Fig. S3). Therefore, Dpp-Omb signaling uni-
directionally restricts the Iro-C expression domain in the wing
discs.Several genetic interactions on the hinge side have been
identiﬁed to restrict the Iro-C domain. EGFR signaling activates Ap
to induce msh expression, which shows a mutual antagonism with
Iro-C (Villa-Cuesta and Modolell, 2005). Dpp signaling induces the
EGFR ligand vn expression in early wing discs (Paul et al., 2013),
but no detectable impact on EGFR activity (Wang, D., data not
shown) and its downstream dP-Erk activity (Sup. Fig. S2). Within
the hinge region, Tsh, Hth and Wg are all upstream of and domi-
nant to activate Stat92E, which in turn inhibits Iro-C expression
(Ayala-Camargo et al., 2013). Omb is also found to block Jak/STAT
signaling in the ventral region of the eye disc (Tsai et al., 2015).
However, Omb does not up-regulate the hinge regulators includ-
ing Msh, Stat92E, Tsh and Hth in the wing disc (Fig. 4) and neither
Wg nor Dpp is found to directly control msh expression (Villa-
Cuesta and Modolell, 2005). Therefore, Iro-C genes are positively
regulated by Dpp-stimulated EGFR signaling in the early stage but
then repressed by both of hinge effectors and Dpp-Omb signaling
from the dorsal hinge side.
4.2. Different cell afﬁnities speciﬁed by asymmetric Omb and Iro-C
activities are necessary for H/N fold initiation and progression
Ectopic Folds arise at the border of sharp differences in Omb or
EGFR/Iro-C activity (Sup. Fig. S4) (Diez del Corral et al., 1999; Shen
et al., 2010; Villa-Cuesta et al., 2007; Zecca and Struhl, 2002b).
Ectopic folds are also formed surrounding clones lacking Iro-C
activity in the wing notum region (Diez del Corral et al., 1999;
Villa-Cuesta et al., 2007), and this result can be attributed to the
different cell afﬁnities in Iro-C-expressing and non-Iro-C-expres-
sing cells. Appropriately positioned Iro-C mutant clones rerouted
D. Wang et al. / Developmental Biology 416 (2016) 225–234 233the H/N fold (Diez del Corral et al., 1999), suggesting that the
position of the H/N fold is directed by Iro-C. In contrast, Omb
controls cell afﬁnity in a gradient manner. When omb mutant
clones are induced in the medial pouch, generating sharp differ-
ences in Omb levels, the clonal borders are smooth. When located
laterally, where the resulting Omb differences are small, the clonal
borders are wiggly (Shen et al., 2010). Low density of clones
overexpressing omb results in apical retraction of clonal cells, but
high density of clones covering most areas of the wing disc causes
the remained wild-type cells to cluster and retract (Shen et al.,
2010). In fact, omb was highly expressed at the hinge side of the H/
N fold (Fig. 1). Disruption of asymmetric Omb levels spanning the
presumptive H/N border resulted in shallower and shorter folds
(Fig. 5). Therefore, the depth and length of the H/N fold might be
attributed to the sharp difference in Omb levels at the H/N border.
The H/N fold was still present in omb null mutants even though it
became shorter and shallower, but it was completely abolished by
the strong inhibition of mirr both directly and indirectly (Fig. 5).
Normal omb expression in the hinge region restricts the Iro-C
domain to the notum region and creates two sharply divided and
spatially complementary domains. The complementary expression
of omb and Iro-C ensures correct N/H fold formation between the
notum and hinge identities. We infer that both Omb- and Iro-C-
speciﬁed cell afﬁnities contribute to H/N fold formation. The H/N
fold is initiated at the Iro-C sharp border, and then is lateral ex-
tended and basal deepened by the sharp Omb border.
In addition to segregating and sorting different cell popula-
tions, bending or folding cells can transform ﬂat epithelial sheets
into three-dimensional structures and impact the global tissue
shape in many species (Sawyer et al., 2010). For example, the Doc-
promoted B/H fold progression facilitates the tissue metamor-
phosis by bending the wing disc (Sui et al., 2012). As one can
imagine, the folding cells not only subdivide tissues but also pro-
vide positional information as well as initiate or organize the tis-
sue metamorphosis. Whether the H/N fold possesses the later
function remains to be determined.Author contributions
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